The Mongol-Okhotsk Ocean closed when the Amuria block, normally considered to have been part of the North China block since the early Mesozoic, and the southern margin of Siberia collided in Late Jurassic to Early Cretaceous times. The resulting suture runs WSW-ENE and is reasonably well defi ned to the east of longitude 100°E. Because no evidence exists for any westward prolongation of the MongolOkhotsk Ocean suture toward the Tarim block, the cryptic termination of the suture is an enigma, compounded by the fact that a tomographically identifi ed slab in the lower 1000 km of the mantle, interpreted as a remnant of Mongol-Okhotsk oceanic lithosphere, has a clear N-S trend, at almost right angles to the surface suture. No sensible explanation can be constructed for a rotation of some 90° of this slab. There is a solution, however, to both these enigmas if we consider that the Triassic MongolOkhotsk Ocean existed east of an initially meridian-parallel, but later progressively
INTRODUCTION
The large Panthalassa oceanic expanse that complemented the Pangea supercontinental lithosphere in late Paleozoic times constituted up to 70% of Earth's surface. Separate-plate status is usually assumed within Panthalassa for the Tethys, MongolOkhotsk, and paleo-Pacifi c oceanic domains van der Meer et al., 2010 van der Meer et al., , 2012 , but the complete disappearance through subduction of these domains renders paleogeographic depiction of the extent and boundaries of these plates rather speculative. Be that as it may, the Mongol-Okhotsk oceanic domain is generally thought to have subducted under the northeastern Asia continental margin of Pangea and below Mongolian terranes; paleomagnetic data suggest fi nal closure in the latest Jurassicearliest Cretaceous (Klimetz, 1987; Zhao et al., 1990; Enkin et al., 1992; Besse et al., 1998; Kravchinsky et al., 2002a Kravchinsky et al., , 2002b Torsvik and Cocks, 2004; Cogné et al., 2005; Metelkin et al., 2007; Șengör and Atayman, 2009; Xiao et al., 2010) . This ancient ocean has also been called the Khangai-Khantey Ocean (Șengör and Natal'in, 1996) .
The overall trend of the suture zone that resulted from closure of the Mongol-Okhotsk Ocean is oriented WSW-ENE ( Fig.  1 ) and parallels the margins of the neighboring continental elements. These include the Siberian craton to the north, and the combined Amuria and North China blocks to the south. The latter two are generally considered to have amalgamated in early Mesozoic time following the closure of the Solonker, or IntraAsian Ocean (Xiao et al., 2009 (Xiao et al., , 2010 . The orientation of the Mongol-Okhotsk Ocean suture has led most authors to conclude that the suture must have been the result of an approximately orthogonal collision between Amuria and Siberia after a NNW-SSE-directed convergence. Roger et al. (2003) , for instance, and more sinuous, late Paleozoic Pangea margin. This margin consisted of Siberia, Amuria, and the China continental elements. The Mongol-Okhotsk Ocean was subducting westward during the early Mesozoic and likely older times underneath this margin. This would readily explain the tomographic N-S slab orientation at depths of 2000 km and greater. Paleomagnetic inclination differences between the global apparent polar wander path in Siberian coordinates and results from the North China block show a gradually diminishing trend with time, as these cratons approached each other during the Jurassic. During this time, the paleomagnetic data of the North China block show that it underwent a slight northward motion, but with a considerable counterclockwise rotation of ~90°. At the same time, the Mongol-Okhotsk Ocean-bordering margin of Eurasia (between Siberia and Tarim) moved southward by ~30° and rotated 45° clockwise. These continental scissoring movements caused doubly vergent subduction of the Mongol-Okhotsk Ocean. Paleomagnetic data suggest fi nal closure of the MongolOkhotsk Ocean in latest Jurassic-earliest Cretaceous time. Arc-related rocks above the subduction zone follow the outline around the core of the Tuva-Mongol belt in the eastern Altaids between Amuria and Siberia, and they form a tightening, westwardconvex Tuva-Mongol orocline. This large-scale oroclinal bending of the crust above a disappearing ocean is reminiscent of similarly tightening oroclines in Kazakhstan and Variscan Europe, which closed earlier by subduction in the late Paleozoic. Besse et al. (1998) , as well as Kravchinsky et al. (2002a) , closed the Mongol-Okhotsk Ocean by sliding Amuria (also labeled Manchurides sensu lato, or, simply, Mongolia in some studies) northward along a N-S sinistral transform zone between the Tarim block and Amuria toward a trench in the north that would ultimately develop into the suture.
The transform-fault proposal is convenient, because it could explain why the suture ends without a trace in the eastern Altaids at about longitude 90°E-105°E (Gilder and Courtillot, 1997) . However, no such transform fault that should dissect or border Amuria in the west can be positively identifi ed in this area. Instead, Amuria is characterized by a WSW-ENE structural grain defi ned by arc, ophiolite, and continental rocks that resulted from a long-lasting Paleozoic subduction-accretion history (e.g., Șengör et al., 1993; Badarch et al., 2002; Buchan et al., 2002; Dijkstra et al., 2006; Windley et al., 2007; Wilhem et al., 2012; Heumann et al., 2012) . This structural grain runs parallel to the suture all along its similarly oriented trajectory (Fig. 1) . Figure 1 . Outline of the main tectonic blocks and structures of Central and East Asia used in this reconstruction, and locations of paleomagnetic sites used for construction of the apparent polar wander path. Numbers correspond to site numbers in Table 1 . Solid red circlesNorth and South China paleomagnetic site locations; yellow triangles-Amuria paleomagnetic site locations of Cogné et al. (2005) and references therein; pale blue inverted triangles-paleomagnetic site locations in Siberia's southern borderlands of Cogné et al. (2005) and references therein; white circles-Amuria paleomagnetic site locations of van Hinsbergen et al. (2008) and Hankard et al. (2005 Hankard et al. ( , 2007 . ATF-Altyn Tagh fault; RRF-Red River fault. (Inset) Schematic tectonic map of Central Asia, highlighting the 94°E orocline and the Mongol-Okhotsk oceanic (MOO) system suture. Map is simplifi ed after Xiao et al. (2010) . Instead of ending abruptly along a transform fault, the structural grain farther west appears to form a convex-westward, C-shaped, oroclinal curvature at longitude 94°E ( Fig. 1 ; Yakubchuk, 2004; Windley et al., 2007; Xiao et al., 2010; Wilhem et al., 2012) . This negates the existence of a Late Jurassic-Early Cretaceous plate boundary between Amuria and Eurasia (i.e., Kazakhstania, Fig.  1 ) farther west. Moreover, even if the suture turns westward into a crypto-structure, the Mongol-Okhotsk Ocean cannot be called upon to have existed farther to the west of longitude 95°E-100°E, because terrestrial conditions prevailed west and north of the Tarim continental block throughout Mesozoic times (Cocks and Torsvik, 2007; Xiao et al., 2010; Choulet et al., 2011) .
In order to establish whether seismic tomographic images may allow us to resolve any deeper slab confi gurations and, in turn, shed light on the surface kinematics, we return to a previously interpreted and major seismic wave-speed anomaly in the lower 1000 km of the mantle below Siberia. It was previously identifi ed as the slab that subducted as a result of closure of the Mongol-Okhotsk Ocean ( Van der Voo et al., 1999) , an interpretation that appears to reconcile well with attempts to link lowermantle structure with reconstructed Mesozoic subduction zones in plate reconstructions on a global scale (van der Meer et al., 2010) . The "Mongol-Okhotsk Ocean slab," however, has a N-S orientation, at high angles to the modern trend of the suture zone ( Van der Voo et al., 1999) .
Thus we have two enigmatic situations surrounding the Mongol-Okhotsk Ocean suture: (1) It appears to be not straightforward to transform a N-S-striking, westward-subducting MongolOkhotsk Ocean underneath the Siberian/Amurian margin into an approximately E-W-striking suture, and (2) the suture appears to vanish at ~95°E, without continuation as a plate boundary, which violates plate-tectonic rules, which mandate that all plate boundaries connect to other plate boundaries (Cox and Hart, 1986) .
In the following, we will use a compilation of Mesozoic paleomagnetic data from the North China block since Late Permian time to determine rotations and paleolatitudes of this block and compare them to the position of Siberia-since Late Permian time part of Eurasia (Cocks and Torsvik, 2007; Torsvik et al., 2008a )-as defi ned in the most recent global apparent polar wander path of Torsvik et al. (2012) . We then use this paleomagnetic data compilation to construct fi rst-order paleogeographic scenarios, which will illustrate the tectonic development as the Mongol-Okhotsk Ocean was being subducted, and which may provide answers to the earlier-raised questions. Furthermore, we will resort to deep-mantle tomographic imagery and will argue that the orientation of a deep Mongol-Okhotsk Ocean slab underneath Asia today presents an additional line of evidence in support of our model.
GEOLOGICAL CONSTRAINTS ON MONGOL-OKHOTSK OCEAN CLOSURE
Contrary to most suture zones, the Mongol-Okhotsk Ocean suture is not associated with major topography and associated rock exposure, which, in combination with its remote location, has caused geological constraints on its closure history to remain relatively sparse. Rocks exposed within the suture zone consist of folded and thrusted accretionary wedges, which contain relics of more or less complete ophiolite sequences (Natal'in, 1993) . Silurian radiolarites overlying dolerites and basalts reveal the oldest demonstrated age for oceanic crust in the Mongol-Okhotsk Ocean (Kurihara et al., 2008) . A ca. 325 Ma U/Pb age of leucograbbros in the Adaatsag ophiolite in the east of the suture zone is the oldest direct age of mafi c crust of the Mongol-Okhotsk Ocean (Tomurtogoo et al., 2005) , and the complete composite ophiolite sequences there indicate that intra-oceanic subduction did occur within the Mongol-Okhotsk Ocean. An intraoceanic "Onon arc" has been reconstructed to have formed in the Devonian-Mississippian offshore from both the Siberian and Amurian continental margins (Kuzmin and Kravchinsky, 1996; Zorin, 1999) , further supporting intra-oceanic subduction within the Mongol-Okhotsk Ocean. Late Permian to Early Jurassic ongoing magmatism in the Onon arc has been interpreted to have occurred in an Andean-style mountain belt after collision of the arc with either the Siberian or Amurian margin (Tomurtogoo et al., 2005) . These lines of evidence attest to a complex and longlived formation and consumption of the Mongol-Okhotsk Ocean from mid-Paleozoic time onward.
Geological constraints for closure during Jurassic time come from several lines of evidence. Volcanic arc rocks have been reported both to the north and to the south of the MongolOkhotsk Ocean suture, with ages ranging from Devonian to Jurassic, generally interpreted to refl ect long-lasting bivergent subduction below Siberia and Amuria (Bussien et al., 2011; Chen et al., 2011; Donskaya et al., 2012a Donskaya et al., , 2012b . Decreasing volumes of Upper Jurassic arc magmatic rocks refl ect the demise of Mongol-Okhotsk Ocean subduction; Early Cretaceous volcanism on the Siberian side of the suture is devoid of an arc signature but has a within-plate geochemical signature instead and is associated with continental extension (Donskaya et al., 2012b) . A ca. 172 Ma U/Pb age of a granitic mylonite close to the MongolOkhotsk Ocean suture indicates active mid-Jurassic deformation in the suture zone (Tomurtogoo et al., 2005) . Eastward younging trends in magmatism up to mid-Jurassic age at the northeastern end of the suture zone have been used to argue for an eastward closure of the ocean in a scissor-like fashion (Zhao et al., 1990; Zonenshain et al., 1990) . Early Cretaceous (ca. 140-100 Ma) enhanced denudation rates constrained by low-temperature thermochronology in the Baikal region are generally interpreted as related to fi nal closure of the Mongol-Okhotsk Ocean (van der Beek et al., 1996; Glorie et al., 2012; Jolivet et al., 2013) .
In summary, geological estimates of the age of closure of the Mongol-Okhotsk Ocean rely on interpretations of the geochemistry of magmatic rocks and the tectonic signifi cance of low-temperature thermochronological data; be that as it may, these interpretations suggest that fi nal closure of the MongolOkhotsk Ocean occurred sometime in Late Jurassic-Early Cretaceous time.
PALEOMAGNETIC DATA SELECTION AND APPARENT POLAR WANDER PATH CONSTRUCTION
A paleomagnetic analysis of the Mongol-Okhotsk Ocean closure history requires temporally distributed data from both north and south of the suture. An ideal analysis would contrast coeval data from the margins of the Mongol-Okhotsk Ocean suture, but paleomagnetic studies conducted in Amuria have so far been limited, and the structural complexities of this tectonically disturbed area have rendered many available data inscrutable . We have thus elected to examine the history of this region primarily from the vantage point of the stable cratons to the north (Siberia) and south (North and South China) of Amuria. According to the union of Siberia and Laurussia in the latest Paleozoic (ca. 251 Ma), we are able to substantially supplement the paleomagnetic record for Siberia through utilization of the global apparent polar wander path of Torsvik et al. (2012) . However, because the North and South China blocks remained independent of Eurasia perhaps as late as the earliest Cretaceous, they necessitate a separate and block-specifi c paleomagnetic data compilation (Figs. 1B, 2, and 3; Table 1 ).
Due to the paucity of paleomagnetic data from China for the intervals of greatest interest, we have adopted an inclusive approach to data selection: Data sets only required a minimum of three sites or 25 samples, the application of stepwise demagnetization, and some form of vector analysis of the magnetization directions (for lack of data in the Middle-Late Triassic, we relaxed the demagnetization requirement and accepted three results that were only treated by blanket demagnetization; these results [entries 22, 25, 26] are marked by an asterisk in Table  1 ). As will be discussed later herein, age estimates on sampled sedimentary sections are typically very broad, often owing to poor stratigraphic and geochronologic resolution in massive terrestrial successions; we correspondingly accepted data with age constraints that loosely fi t within a geologic period (~50 m.y.). Because many critical poles come from tectonically stable areas (e.g., the Sichuan Basin, Fig. 1 ), fi eld tests cannot always be applied and so were not essential for inclusion in our compilation; however, data sets that failed a fi eld test were dismissed. The presence of reversals and a lack of resemblance to younger paleomagnetic poles were also not general requirements, as much of the available paleomagnetic data are associated with the long Cretaceous normal superchron and the so-called CretaceousPaleogene "standstill."
In order to eliminate uncertainties introduced by the usage of data from peripheral blocks (i.e., poorly established timing of amalgamation and/or restoration parameters), we only accepted data from the North and South China blocks themselves. Specifically, data from separate blocks, such as the Eastern LiaoningKorean block, which may have rotated with respect to the North China block in the Cenozoic (Uno, 2000; Lin et al., 2003) , were excluded. Paleomagnetic results from the Hexi and Gansu corridors (Frost et al., 1995; Yan et al., 2013) revealed local and regional rotations, ruling them out for our purposes, and suggesting that other paleomagnetically studied formations from the same area should also not be used (Chen et al., 2002; DupontNivet et al., 2003 DupontNivet et al., , 2008 Liu et al., 2010) . We further excluded data from the South China block prior to 170 Ma, when there is some controversy regarding the timing of its collision with the North China block. High-to ultrahigh-pressure metamorphism (ca. 220-200 Ma) followed by exhumation along the Qinling-Dabieshan suture have been traditionally interpreted as the signature of a Late Triassic collision between the Chinese blocks (Ames et al., 1993; Okay et al., 1993; Eide et al., 1994; Hacker et al., 1998; Li et al., 2000; Yang and Besse, 2001) . Paleomagnetic investigations of the collision have conversely concluded that convergence between the blocks continued well into the Middle Jurassic Gilder and Courtillot, 1997; Yang and Besse, 2001; Uno and Huang, 2003) or even the Late Jurassic (Yokoyama et al., 2001 ). It is not our purpose here to explore this discrepancy, but rather to ensure that relative rotations between the North China block and South China block do not introduce artifacts into the paleomagnetic analysis of the Mongol-Okhotsk Ocean closure; we thus conservatively elected to dismiss data from the South China block prior to 170 Ma (Table 1 , entries 69-73). Finally, several poles from the south and western margins of the South China block, notably along the Red River fault, are suspected to have been subjected to local vertical-axis rotations, either by tectonic activity associated with the collision of India and the extrusion of Indochina in the Cenozoic, or through regional extension related to circum-Pacifi c subduction since the Cretaceous (Gilder et al., 1993a; Li et al., 1995 Li et al., , 2005 Liu and Morinaga, 1999; Zhu et al., 2006; Wang and Yang, 2007; Kawamura et al., 2013) . Because the recognition of a local vertical-axis rotation requires a comparison against a stable reference-which we have not yet discussed-we provisionally accepted these data into our compilation, to be revisited later herein (bold and underlined in Table 1) .
Following the extensive discussion in Torsvik et al. (2012) , we corrected all clastic sedimentary paleomagnetic data for an assumed shallow inclination bias of f = 0.6 (see also Bilardello et al., 2013) , except where a specifi c correction was calculated in the original study (e.g., Wang and Yang, 2007) . At this stage, it became apparent that the Late Jurassic Tiaojishan pole of Pei et al. (2011) is notably discordant ("T" in Fig. 2A) . Pei et al. (2011) reported that poor outcrop conditions only permitted structural orientation measurements to be made at two (of 15) sites; considering the measured angle of dip (61°) and the diffi culty of determining paleohorizontal in andesitic lavas, we speculate that the resulting pole is anomalous due to poor structural control, and we dismiss it from our analysis.
Our fi nal compilation includes 67 paleomagnetic poles, 32 from the North China block (260-66 Ma) and 35 from the South China block . Here, we note that the paleomagnetic data from the Middle Jurassic of the South China block, although badly scattered, are not dissimilar from those of the North China block alone, suggesting that our merger of the two data sets by 170 Ma is reasonable ( Fig. 2A) . Due to the commonly broad age assignments as discussed already, the temporal distribution of data appears serrated (Fig. 2B ). To mitigate this artifact where possible, we attempted to discriminate between Early (Late) Cretaceous data acquired during the long Cretaceous normal superchron (121-83 Ma; Cande and Kent, 1995; He et al., 2008) from those acquired before (subsequent to) it. To this end, we arbitrarily added 5 m.y. to the assigned age of Early Cretaceous paleomagnetic results with reverse polarity (i.e., the assigned age changes from 123 to 128 Ma) and vice versa for Early Cretaceous data with normal polarity only (age changes from 123 to 118 Ma). Similarly, the assigned age of Late Cretaceous data with reverse (only normal) polarity were adjusted from 83 to 78 Ma (88 Ma) . To compare our assembled paleomagnetic data from the North China block + South China block directly against the "Siberian" data (global apparent polar wander path), we constructed an apparent polar wander path by taking a moving average of the compiled poles at 10 m.y. intervals with a 20 m.y. sliding window (Fig. 3) . Because of the noted artifact in the distribution of pole ages, it should be borne in mind that neighboring time steps in our apparent polar wander path are strongly related, and the lurching appearance of the complete path is likely artifi cial. We thus prefer to focus on select intervals (as shown in Fig. 3 ) where the mean is relatively well defi ned and largely independent. To consider the infl uence that possibly rotated poles have on our North China block + South China block apparent polar wander path, we have recalculated the path after excluding these poles (bold and underlined in Table 1 ); the result is minor (Fig. 2) and restricted to the Cretaceous.
PALEOGEOGRAPHIC RECONSTRUCTIONS
We then used the paleomagnetic data compiled into an apparent polar wander path for the North China block in the previous section to build a paleogeographic reconstruction of Triassic-Jurassic Mongol-Okhotsk Ocean closure. The following constraints and assumptions were used. Firstly, the paleolatitude and vertical-axis rotation relative to Earth's magnetic dipole for the North China block were derived from its apparent polar wander path and for Siberia from the global apparent polar wander path of Torsvik et al. (2012) (Table 2) . Reconstructions were made with GPlates (Boyden et al., 2011) .
The apparent polar wander paths were translated into a paleolatitude graph (Fig. 4) at a reference point on the Mongol-Okhotsk Table 2 ). Paths were constructed using 10 m.y. time steps and 20 m.y. moving windows. However, to remove redundant poles (due to data paucity) and for clarity, some poles have been removed from the illustration. The complete data are listed in Table 2 . (B) In addition to calculating the apparent polar wander path of North and South China with all available data listed in Table 1 , we have also calculated an alternative path segment (150-70 Ma, dashed, yellow) after removing data suspected of having experienced local vertical-axis rotations. It can be seen that this adjustment does not make a signifi cant difference. Ocean suture (51°N, 112°E), coinciding with the reference point for Amurian paleomagnetic data of Cogné et al. (2005) . The paleolatitude curves of the North China block and Siberia straightforwardly show that these domains have converged gradually since Permian time, and overlapping paleolatitudes since ca. 140 Ma confi rm earlier inferences that paleomagnetic constraints suggest a latest Jurassic-earliest Cretaceous closure age of the Mongol-Okhotsk Ocean (Enkin et al., 1992; Xu et al., 1997; Halim et al., 1998; Kravchinsky et al., 2002b; Hankard et al., 2007; Metelkin et al., 2007; van Hinsbergen et al., 2008) . The paleolatitudes of the North China block suggest a signifi cantly more northerly position than those from Amuria presented by Cogné et al. (2005) , but since it is not feasible that Amuria had a more southerly position than the North China block, we will assume that both blocks moved paleolatitudinally in tandem in the Triassic-Jurassic for the chosen reference location. By way of provisional explanation for the mismatched Amurian results, we speculate that several results may have had problematic paleohorizontal control, as well as too few independent geomagnetic fi eld directions to average out secular variation. It must also be Torsvik et al., 2012) . Both apparent polar wander paths were calculated by a moving average at 10 m.y. intervals with a sliding window of 20 m.y. No. poles-number of constituent poles used to calculate the mean; Plat/Plong-latitude/longitude of the mean paleopole. A95 is the radius of a cone around a mean that contains the true mean direction with 95% probability; it is the same as the α95, with one difference: A95 is based on the mean of virtual geomagnetic poles (VGPs), whereas α95 is based on the mean of magnetic directions (declinations and inclinations). Rdec/Rinc/Rlat-declination, inclination, latitude, respectively, calculated from the apparent polar wander paths for a reference point at 51°N, 112°E.
noted that (uncorrected) inclination shallowing is unlikely to be a factor in this enigma, given the igneous lithologies involved. Yakubchuk (2004 Yakubchuk ( , 2008 , Lehmann et al. (2010) , and Xiao et al. (2010) noted that the Mongol-Okhotsk Ocean suture appears to end in a tight orocline around 94°E (Fig. 1) , termed the "Tuva-Mongol" orocline by Xiao et al. (2010) , and suggested that the closure of the Mongol-Okhotsk Ocean was associated with opposing rotations of Siberia and Amuria from an originally approximately N-S-striking, westward-dipping subduction zone to the modern ENE-WSW-trending suture. A noteworthy observation is that these authors suggested closure of the MongolOkhotsk orocline in Permian-Triassic rather than latest Jurassic time, which is in disagreement with the available paleomagnetic data, as can be seen in Figures 3 and 4 . We model Amuria as the southern limb of an orocline, while it rotated counterclockwise relative to Siberia. Paleomagnetic data from Amuria are all strongly locally and variably rotated and cannot constrain Amuria's wholesale rotation (Cogné et al., 1995) . To determine the rate of rotation of Amuria, we therefore used the North China block's paleomagnetic data as proxy for those of Amuria.
Paleomagnetic data cannot constrain paleolongitude, and we have no independent source of information, such as kimberlites or large igneous provinces (e.g., Torsvik et al., 2008b Torsvik et al., , 2010 , with which to constrain the paleolongitude of the North China block in the Triassic and Jurassic. The paleolongitude of the North China block relative to Siberia is therefore unconstrained. Our apparent polar wander path indicates that the North China block underwent a Jurassic counterclockwise rotation, approximately of the magnitude that would be expected for the combined Amuria-North China block during oroclinal closure of the Mongol-Okhotsk Ocean. We will return to this subject in the analysis section; fi rst, we will test the oroclinal closure scenario Cogné et al. (2005) from Amuria (yellow triangles), 5-data of Cogné et al. (2005) from Siberia (pale blue inverted triangles), 6-data of van Hinsbergen et al. (2008) and Hankard et al. (2005 Hankard et al. ( , 2007 from Amuria (white circles). GAPWaP-global apparent polar wander path; NCB and SCB-North and South China block, respectively.
by assessing whether its predictions are consistent with seismic tomographic constraints from the Mongol-Okhotsk Ocean slab.
TOMOGRAPHIC IMAGING OF THE MONGOL-OKHOTSK OCEAN SLAB IN THE DEEP MANTLE AND CORRELATION WITH THE SURFACE PLATE MOTIONS
The oroclinal closure scenario of the Mongol-Okhotsk Ocean predicts that an originally westward-dipping subduction zone was oroclinally bent, leading to both a northward-dipping subduction zone below Siberia, and a southward-dipping subduction zone below Amuria. Opposite senses of rotation (Siberia, clockwise, ~45°; North China block + Amuria, counterclockwise, ~90°) are characteristic of oroclinal bending and are documented by the paleomagnetic results. The latest Jurassic to earliest Cretaceous closure would hence have been associated with a soft docking of Amuria and Siberia. Because neither block was connected through a passive margin with a slab, no continental lithosphere could have been dragged below the opposite continental domain. Instead, the originally southwestward-dipping slab was gradually deformed into two oppositely dipping slabs with ultimately two nearly parallel, approximately E-W-striking trenches. This may explain the absence of a major Himalayan-style fold-and-thrust belt along the Mongol-Okhotsk Ocean suture, and it predicts that the orientation of the Mongol-Okhotsk slab changes with depth.
A tomographic study (Bijwaard et al., 1998) revealed two slab-like positive (i.e., faster) seismic wave velocity anomalies below Siberia. One is clearly connected to present-day subduction underneath Kamchatka, the Kuriles, and Japan, whereas the other, in a more westerly location, is prominent in the deeper mantle, reaching all the way to the core-mantle boundary, where it appears to join a large positive-anomaly mass that has been called a "graveyard of slabs" (Wysession, 1996) . The more westerly anomaly was taken to represent an ancient subducted slab, interpreted by Van der Voo et al. (1999) as a remnant of the subducted Mongol-Okhotsk oceanic lithosphere.
To compare our reconstructions to the location and orientation of the seismic tomographic anomaly interpreted by Van der Voo et al. (1999) as the Mongol-Okhotsk Ocean slab, we need to place our paleomagnetism-based reconstruction in a mantle reference frame. To this end, we determined the Euler rotations of the modeled motions of the North China block plus Amuria relative to Siberia. Because we aim to compare surface reconstructions based on paleomagnetic data to mantle structure, we have also to correct the paleomagnetic/mantle reference frame for true polar wander: episodes during which the lithosphere and mantle as a whole (including slabs) rotated relative to the core (and thereby relative to the spin axis; Steinberger and Torsvik, 2008) . To this end, we used the true polar wander-corrected reference frame of Torsvik et al. (2012) . We then adjusted the plate confi guration in paleolongitude by positioning the East China slab (van der Meer et al., 2010 (van der Meer et al., , 2012 beneath the eastern margin of the China blocks. Longitude corrections were done prior to the true polar wander correction and then checked in the true polar wander-corrected frame, and repeated until we attained a reasonable fi t. For each time interval, we assumed vertical slab sinking at a rate of 12 ± 3 mm/yr (van der Meer et al., 2010) .
This procedure results in reconstructed positions of the Mongol-Okhotsk Ocean subduction zone at 140, 160, 180, 200, and 220 Ma (Fig. 5) , which we compare with seismic tomographic images at 1690, 1930, 2170 , and 2410 km depth (Fig. 6) . We note that the orientation of the whole Mongol-Okhotsk Ocean slab is somewhat sinuous, but this may actually correspond to a curved (convex westward) Mongol-Okhotsk Ocean trench on the ocean side of Siberia, Amuria, and North China. The overall pattern of the deeper anomalies attributed to Mongol-Okhotsk Ocean subduction (e.g., at 2410 km, ca. 200 Ma) shows a NNW-SSE trend changing northward to NNE-SSW. This curved set of anomalies (Fig. 6) suggests that earliest Jurassic-Late Triassic subduction occurred in a mildly curved trench. Above it, as described by Van der Voo et al. (1999, p. 247) : "At 1,500 [to 1900] km depth, the anomalies form a 'hook,' running fi rst west-northwestwards from Mongolia and then northwards towards the Siberian Arctic coast. At depths of 1,900-2,300 km, the anomalies are gradually more displaced to the west, and display an overall open 'Z'-shaped feature at 2,300 km." We conclude from this description that there is a good congruence with the projected surfi cial traces of the ancient trenches, which are moderately curved in the 180-200 Ma reconstructions and more tightly curved in the 140-160 Ma reconstructions (Figs. 5 and 6) .
Finally, we note that uncertainties in (1) the apparent polar wander path of the North China block and the global apparent polar wander path (typically ~5°); (2) the true polar wander correction (typically a few degrees); (3) the slab-fi tting correction (at least ~5°); (4) the likelihood that internal deformation of the tectonic units is insuffi ciently portrayed in Figure 5 ; and (5) the validity of the assumption that slabs sink vertically, all may have caused minor departures from perfectly matching features in the comparisons of tomographic images and surface paleogeographic continental confi gurations. However, our paleogeographic model is consistent with the available kinematic and tomographic data for the region. The large-scale oroclinal bending of the crust above a disappearing ocean is reminiscent of similarly tightening oroclines in Kazakhstan and Variscan Europe, which closed earlier, by subduction in the late Paleozoic (Abrajevitch et al., 2008; Shaw et al., 2012) .
We recognize that outside the domain of interest, i.e., around Tarim, Junggar, the Kazakhstan orocline, the Tibetan terranes, and Indochina, various complications may arise from mismatching paleomagnetic and paleogeographic constraints related to this study. It is hoped that future work will provide resolution.
CONCLUSIONS
The suture between Siberia and Amuria (Mongolia) is thought to have formed when the Mongol-Okhotsk Ocean A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A subducted completely; the suture strikes WSW-ENE and is identifi ed only to the east of the 100°E meridian. This orientation has been infl uential in the various proposed models of ocean closure in which Siberia and Amuria approached each other orthogonally (i.e., SSE-NNW) in Late Jurassic-earliest Cretaceous times. This, however, creates the enigma that the suture simply ends without any connection to other ancient plate boundaries. The enigma is compounded by the tomographic images of the Mongol-Okhotsk Ocean lithospheric slab, which completely detached long ago, i.e., in the (Late?) Cretaceous or earlier, and has been sinking in the deeper lower mantle toward the coremantle boundary. The lower part of this slab appears to strike N-S, clearly at right angles to the surface suture orientation, albeit with some sinuosity.
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We propose a solution to this conundrum by invoking a closure mechanism of the Mongol-Okhotsk Ocean that at fi rst involves southwestward subduction in an increasingly curved trench, followed by a gradual scissors-like collision between Siberia and the combined Amuria-North China block, rotating toward each other and deforming the suture into an oroclinal structure with antiparallel E-W limbs. Zhao et al. (1990) fi rst proposed such a closure mechanism, albeit with an earlier, Permian, age. In support of this model, the tomographic images of the Mongol-Okhotsk Ocean slab are characterized by a generalized N-S trend at depths of ~2170-2400 km, in agreement with the trench orientation. At depths of ~1700-1900 km, on the other hand, the slab shows a hook, with a shape like the letter C. Following the age-depth relationship for sinking lithospheric slabs, as proposed by van der Meer et al. (2010) , this would correspond to ages of ca. 160 Ma and 180 Ma, respectively. At shallower depths, less than ~1500 km, corresponding to an age younger than earliest Cretaceous (<140 Ma), the slab's contours become unclear (Van der Voo et al., 1999) . This refl ects the situation after closure of the Mongol-Okhotsk Ocean between Siberia and the combined Amuria-North China block. Figure 6 . Comparison between reconstructions of the Mongol-Okhotsk Ocean-bordering continental blocks and the seismic tomographic images (UU-P07 model; Amaru, 2007; van der Meer et al., 2010) of the Mongol-Okhotsk Ocean (MOO) slab previously identifi ed by Van der Voo et al. (1999) . The age of subduction of the slabs was calculated using the ~12 mm/yr average slab sinking rate following van der Meer et al. (2010) . Reconstructions are based on a true polar wander-corrected paleomagnetic frame , albeit fi ne-tuned in longitude, as explained in the text. EC-East China; Eq.-equator.
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